À20 and 0.5 atm revealed that the predominant partial conductivity of electrons is proportional to pO À1=4 2 in the low pO 2 region, while the predominant partial contribution of holes to the conductivity is proportional to pO þ1=4 2 in the high pO 2 range. The pressure-independent oxygen ion conductivity is found to decrease with the increase in titanium content. A possible pathway for oxygen ion migration is discussed in relation to disorder in the oxygen sublattice and titanium doping. # 2002 Elsevier Science (USA)
INTRODUCTION
The oxygen vacancy ordering that often occurs in oxides is generally regarded as unfavorable for fast oxygen ion transport. In particular, this negative effect is well known for perovskites (1) . On the other hand, significant oxygen ion conductivity, which follows from the high oxygen permeation fluxes reported, was reported recently in the solid solution La 1Àx Sr x Fe 1Ày Ga y O 3-d (x ¼ 0:120:4; y ¼ 0:2 À 0:5) claimed to have an oxygen vacancy ordered brownmillerite structure (2) . Also, recent in situ hightemperature conductivity measurements corroborate that the ion conductivity can approach 0.1 S/cm at 9001C in the brownmillerite-like ferrite Sr 2 Fe 2 O 5+d (3) . To understand in more detail the influence structural vacancies have on transport, we have selected the Ruddlesden-Popper (RP) ferrite Sr 3 Fe 2 O 6+d (4) . This ferrite is characterized by the presence of oxygen-deficient double-perovskite layers Sr 2 Fe 2 O 5+d sandwiched between SrO rock-salt layers (Fig. 1) . Because the structure is stable with respect to changes of temperature and oxygen partial pressure over wide limits, and the occupancy of the O(3) site can vary depending on environmental parameters (5), titanium doping according to the formula Sr 3 Fe 2Àx Ti x O 6+d is an effective method to alter the oxygen population in the structural vacancies and, thus, to track respective changes in transport properties. These changes, monitored using the measurement of electrical conductivity in the temperature range 750-10001C and oxygen pressure varying between 10 À20 and 0.5 atm, were used to separate the different contributions to the conductivity and to determine the main parameters governing transport of oxygen ions and electrons.
EXPERIMENTAL
The samples used in this study were prepared by a conventional solid-state reaction method. Starting materials were oxides Fe 2 O 3 (99.2%), TiO 2 (99.5%) and strontium carbonate SrCO 3 (99.94%). The raw materials were pre-calcined to remove adsorbates, weighed in desirable amounts and thoroughly mixed with a mortar and pestle with the addition of ethanol. The mixtures were pressed into pellets by a mechanical pressing technique and fired at 900-13001C in air. The materials were crushed into powder, pressed and fired several times with a gradual increase in temperature before single-phase specimens were obtained. The phase purity control and determination of crystal lattice parameters were carried out using X-ray diffraction (XRD) (l ¼ 1:54178 ( A). The reduction experiments and studies of oxygen content changes in the specimens as a function of temperatures were carried out with a Setaram TG-DTA-92 thermoanalyzer. Also, a vertical tubular furnace was used for high-temperature treatments of specimens in different atmospheres. When necessary, quenching was performed by dropping samples into a crucible with liquid gallium that rested in the lower end of the tubular compartment at room temperature. The independent determination of oxygen content in asprepared samples was carried out using iodometric titration as described previously (6) . Powders of Sr 3 Fe 2 O 6+d and Sr 3 Fe 0.8 Ti 1.2 O 6+d were pressed into disks under 2 kbar uniaxial load. The disks were sintered at 13501C to a density of about 92% of the theoretical. Rectangular bars 2 Â 2 Â 18 mm were cut from the sintered disks for the four-probe d.c. conductivity measurements. The current leads and voltage probes were made of platinum wire (with diameter of 0.3 mm) and tightly wound to the specimen with 12 and 8 mm spacing, respectively. Platinum metal is known as a reversible oxygen gas electrode. Therefore, the measured conductivity may include a contribution from oxygen ions. The measurements were carried out in a cell utilizing the oxygen sensing and pumping properties of zirconia as described elsewhere (7) . The cell was filled with a gas mixture containing 50% O 2 :50% CO 2 and sealed. The electrical parameters were measured with a high-precision voltmeter Solartron 7081. Computer-controlled operation of the oxygen pump and sensor provided precise variation and maintenance of the partial oxygen pressure in the cell. The measurements were carried out in the mode of decreasing oxygen partial pressure in isothermal runs. Individual data points were recorded upon achievement of equilibrium between the sample and ambient atmosphere. The criterion for achieving equilibrium was a relaxation rate less than 0.01% per minute in the logarithm of the conductivity under a fixed oxygen pressure inside the cell. The time to achieve equilibrium after a change in the oxygen pressure over a sample varied and was dependent on temperature, oxygen partial pressure and cation composition. The measurements were halted upon achievement of the desirable low-pressure limit. Then the oxygen pressure was increased to the starting upper limit where measurements were repeated in order to confirm reversibility of the experiment; thereupon temperature was changed thus enabling the next measuring cycle.
RESULTS
The X-ray patterns of the specimens Sr 3 Fe 2Àx Ti x O 6+d slowly cooled in air show formation of the tetragonal solid solution within the entire range 0rxr2: The elementary unit parameters in the as-prepared Sr 3 Fe 2 O 6+d agree with a previous report (5) and are shown in Fig. 2 cations, (Fig. 3a) . At temperatures above 10001C, the oxygen content approaches 6+d=6.0 consistent with the formula Sr 3 Fe 3þ 2 O 6 : The XRD pattern of the specimen fired at 9001C in the atmosphere containing 5% of hydrogen and 95% of helium did not reveal phases other than the initial strontium ferrite. It can be seen from the respective thermogravimetry (TG) plot in (Fig. 3a) (Fig. 3b) . The oxygen content of the as-prepared specimen was found to be equal to 6 Figure 3b demonstrates that the total amount of oxygen, which can reversibly be removed from the oxide, is close to 0.24. The XRD pattern of the sample fired at 6501C in the atmosphere 5% H 2 :95% He did not reveal impurity phases. From the respective TG plot, Fig. 3b À20 and 10 À16 atm at 7501C and 10001C, respectively. These data also show (Fig. 4 ) that titanium doping results in a decrease of the total conductivity. The conductivity variations with oxygen partial pressure are nearly proportional to pO
À5 atm. At smaller pressures of oxygen, nearly flat portions on the conductivity isotherms appear, where the change in conductivity is relatively small with oxygen pressure variations. These portions cover larger spans of the oxygen pressure when the temperature decreases. It is important to notice that the conductivity equilibration kinetics are very sluggish in these pressure intervals, which is evidenced by the much longer time (several hundred hours) required to attain equilibrium. As a consequence, the conductivity data, which were obtained at these pressures under the equilibrium criterion described earlier, may not correspond perfectly to equilibrium values. Further decrease in the pressure results in a step-like drop of the conductivity, whereupon the equilibration time reverts to more reasonable values (dozens of hours). The conductivity continues to decrease with the pressure and is nearly proportional to pO þ1=4 2 ; achieves a minimal value, and then begins to increase where it is nearly proportional to pO
The sharp changes in the shape of the isotherms in the middle-pressure range are not related to changes in the crystalline structure, as evidenced by the XRD patterns of the specimens fired in this pressure range, nor do they reflect a peculiar variation in the oxygen content as can be seen from Fig. 3 .
DISCUSSION
In the present work, it is interesting to focus attention on the data analysis at oxygen pressures smaller than about 10 À8 À10 À6 atm, that is the pressure range where the minima of the conductivity isotherms are located and the isotherms reflect the behavior of the conductivity in equilibrium with the gas-phase oxygen. It should be noticed that at such small oxygen pressures, and at temperatures above 7001C, the oxygen content variations in the RP ferrites under study are much smaller compared to the total oxygen content, i.e., d{6 þ x=2; and that the conductivity isotherms in the vicinity of the minima are rather smooth. This behavior is indicative of the ion contribution s i in the total conductivity. The analysis of the pressure dependencies of the conductivity isotherms in the vicinity of the minima leads to the standard expression for a mixed oxygen ion-electron conductor
where s i ðTÞ is pressure independent oxygen ion contribution, while s 0 n ðTÞ and s 0 p ðTÞ represent n-and p-type contributions, as extrapolated to pO 2 =1 atm, respectively. The values of these parameters are obtained by fitting Eq. (1) to experimental isotherms (see Table 1 ). A comparison of the experimental and calculated total conductivity in Sr 3 Fe 2 O 6+d is shown as an example in Fig. 5 , where a satisfactory match of the calculated and measured results occurs. The obtained ion conductivity can be utilized in combination with the measured total conductivity in order to calculate the ion transference numbers t i : These results are shown in Fig. 6 for oxides 
Electron Transport
The isothermal plots of the sum s n þ s p s n; p of partial n-and p-type electron contributions in the conductivity, obtained by the subtraction of the ion conductivity from the total conductivity, are shown in x O 6þx=2Àd in the low-pressure limit:
Here, K 0 n is a constant and DH n is the reaction enthalpy. From the above discussion, this quantity may also be regarded as the enthalpy of formation of oxygen vacancies in O(1) positions. Experimentally observed variations in the oxygen content d near the minima of the conductivity are much smaller in comparison with the total amount of oxygen ions in the sample. Therefore, the oxygen content in the equilibrium constant K n may be considered as nearly constant, i.e., ½O 2À E6 þ x=2: Hence, the power dependence s n p½e À ppO À1=4 2 consistent with the experimental results follows from the equilibrium constant. The values of the activation energy for the n-type conductivity, E n , in Table 2 are calculated from the Arrhenius plots for the electron conductivity at pO 2 =10
À16 atm (Fig. 8a) . Development of the hole conductivity, i.e., the increase in amount of Fe 4+ cations with oxygen pressure to the right of the minima in Fig. 7, reflects 
where K 0 p is a constant and DH p is the reaction enthalpy or, in other words, the enthalpy of oxygen at the O(3) positions. Again, given small variations in the total oxygen content d{6 þ x=2; the hole conductivity should increase with oxygen pressure as s p p½h þ ppO þ1=4 2
: Indeed, this pressure dependence agrees with the experimental results shown in Fig. 7 . The p-type contribution s 0 p ðTÞ at pO 2 =1 atm, as obtained by fitting Eq. (1) to total conductivity, exhibits a weak decrease with the temperature increase, see Table 1 . Thus the apparent activation energy for the hole conductivity E p is a small negative quantity. Using the concentration of holes that follows from Eq. (3) for the equilibrium constant, and assuming temperature activated mobility of holes, the interrelation E p ¼ e p þ DH p =2 can be obtained between the activation energy for the hole conductivity, the activation energy e p for the mobility of holes, and enthalpy DH p : Thus, the observed small negative values for E p show that oxygen incorporation reaction (3) is exothermic and suggests that DH p =2 is slightly larger than e p : The values for the p-type conductivity activation energy, E p , in Table 2 are calculated from the Arrhenius plots for the hole conductivity at pO 2 =1 atm, (Fig. 8a) . Similar results (3) for electrons and holes in brownmillerite-like strontium ferrite Sr 2 Fe 2 O 5+d are shown for comparison in Fig. 8a . The high-temperature equilibrium of electrons and holes near the conductivity minima in Fig. 7 may be expressed as
where E g is the band gap and K 0 i is a constant. The band gap may be estimated from the temperature dependence of the minimal conductivity, s min pÀn : Expressing concentrations of holes and electrons via respective partial contributions and mobilities, m p and m n ; one can rearrange Eq. (4) in the form
Presuming temperature-activated mobility for both holes and electrons
where e p and e n are the respective mobility activation energies, the value E g þ e p þ e n 2E p2n can be found from the plots of logðs min pÀn Á TÞ versus reciprocal temperature as shown in Fig. 8b . Similar data for Sr 2 Fe 2 O 5+d (3) are given for comparison. For the materials under study, the parameter E p-n is found to be virtually invariable (see Table 2 ). The activation energy for migration of both (3) . The band gap, weakly dependent on the titanium content, suggests that the titanium 3d states essentially do not participate in the formation of the gap, even when a fairly substantial amount of titanium replaces iron. Thus, the gap width in Sr 3 Fe 2Àx Ti x O 6+x/2+d is defined primarily by the interactions of the iron and oxygen ions. In other words, the top and bottom of the valence and conductance bands, respectively, are mainly formed from oxygen and iron states again, respectively. This conclusion is consistent with a considerable decrease of the electronic conductivity with iron content across the solid solution because with the decrease of iron content in the RP structure there is a decrease in the density of the near band gap states.
In the situation close to intrinsic electron-hole equilibrium, i.e., when oxygen non-stoichiometry parameter d is close to zero, p-type conductivity is somewhat larger in Sr 3 
Oxygen Ion Transport
The temperature dependencies of the obtained oxygen ion conductivity s i for Sr 3 are shown with Arrhenius coordinates in Fig. 9 . These data show that filling of structural vacancies in the O(3) position, caused by partial replacement of iron for titanium, results in an appreciable decrease of the ion conductivity level in the entire temperature range studied. This observation gives direct evidence of the structural vacancies involved in the ion transfer. The apparent activation energy, E i (see Table 1 ), for the ion conductivity in both the parent and titanium-doped ferrites below 8001C is equal to about 0.6 eV, a value typical for perovskite-like oxides. The activation energy, which is practically independent of the titanium content, implies that even rather large substitution of titanium for iron does not alter the ion migration mechanism in the low temperature extreme. At the same time, the conductivity values in the doped oxide are about 2.5 times smaller. A fast increase of the ion conductivity in Sr 3 Fe 2 O 6+d can be seen in Fig. 9 as the temperature increases from about 8001C to 9501C. Simultaneously, the apparent activation energy increases with temperature up to about 2 eV. This value is far too large to be related solely with the ion transfer. Thus, heating facilitates another process that interferes with ion movement. This process appears to approach completion in Sr 3 Fe 2 O 6+d at about 9501C because at yet higher temperatures the activation energy decreases substantially. Though less pronounced, the conductivity increase above 8001C is also seen distinctly in Sr 3 Fig. 10a , respectively. These jumps give a contribution to the transfer. In an ordinary migration mechanism over random vacancies, the jump trajectories for ions and vacancies are the same though oppositely directed. This is not always the case when structural vacancies are involved. 00 ). Certainly, the overall frequency prefactor in the oxygen ion diffusion coefficient must be smaller in the oxide with structural vacancies than in the perovskite with random vacancies. Therefore, the RP structure with ordered vacancies is indeed less favorable for ion conduction than is the perovskite structure. Nonetheless, the conductivity level is not negligibly small, which in combination with greater structural stability may be advantageous in applications. Based on the proposed mechanism the ion conductivity level should be proportional to the amount of structural vacancies per elementary unit. The simultaneous increase in the conductivity and activation energy above 8001C may possibly be related to a partial disordering of the crystal lattice on heating. In the low oxygen pressure range where oxygen composition remains virtually invariable, such disordering may be envisioned as random partial redistribution of the structural vacancies over regular oxygen positions. The fragment of the disordered crystal lattice of the RP ferrite is shown in Fig. 10b . The randomization of the structural vacancies must result in some enlargement of the elementary unit parameters compared to those in the ordered lattice. In order to verify the disordering, two specimens of RP ferrite were annealed during 4 h at 10251C in the 5% H 2 :95% He atmosphere saturated with water vapor (pO 2 E10 À13.5 atm). Then, one sample was quenched while the other one was allowed to cool slowly. The TG measurements confirmed an oxygen content close to 6 in both specimens. The X-ray patterns of both samples showed single-phase RP ferrite with the tetragonal unit cell parameters a=3.903(2) ( A and b=20.074(5) ( A for the quenched sample, both larger than the values a=3.896(2) ( A and b=20.051(5) ( A observed after slow cooling. This observation confirms the supposed disordering. The local structure of the disordered fragment in the RP ferrite is that of the perovskite with random vacancies. It is not surprising, therefore, that at temperatures above 9501C, where the disordering seems to be close to completion, the activation energy recovers to a smaller value while the ion conductivity achieves values characteristic for the disordered ferrite perovskite (10, 11) . The titanium doping results in formation of rather rigid titanium-oxygen octahedra in the structure and irreversible filling of O(3) vacancies thus significantly decreasing the amount of oxygen vacancies that may be disordered by heating. Therefore, the conductivity increase in Sr 3 Fe 0.8 Ti 1.2 O 6.6 on heating above 8001C is less pronounced. 
CONCLUSIONS
We have studied the oxygen-deficient, titania-doped Ruddlesden-Popper (RP) ferrites Sr 3 Fe 2Àx Ti x O 6+d using X-ray powder diffraction, thermogravimetric analysis and conductivity measurements. Titanium replacement for iron is shown to occur over the entire range 0rxr2: The doping does not change the basic tetragonal symmetry of the elementary unit in the solid solution. The changes in oxygen content and crystal lattice parameters reflect the replacement of iron cations for larger titanium cations where the latter exhibit a stable 4+ oxidation state and sixfold oxygen coordination. The parent all-iron ferrite and its titania-doped derivatives remain structurally stable and single phase at oxygen pressures down to 10 À20 and 10 À16 atm at 7501C and 10001C, respectively. The pressure-dependent isotherms of the total conductivity for both Sr 3 Fe 2 O 6þd and Sr 3 Fe 0:8 Ti 1:2 O 6:6þd were analyzed in the pressure range from 10 À20 to 10 À6 atm. It is shown that in this pressure range and temperatures above 7501C these oxides are mixed oxygen ion-electron conductors. The titanium doping favors an increase in the oxygen ion transference numbers. Electron-like carriers emerge in the RP structure as a result of appearance of oxygen vacancies, most probably in O(1) positions. The hole-like carriers appear in response to oxygen incorporation into structural vacancies in the O(3) position. Based on a comparison of the electron conductivity in the RP ferrite Sr 3 Fe 2 O 6+d and in brownmillerite-like ferrite Sr 2 Fe 2 O 5+d , it is argued that both p-and n-type carriers move mainly in the ironoxygen FeO 2 sheets in Sr 3 Fe 2 O 5+d . The electron-hole conductivity level in the RP ferrites with dE0; both parent and titania-doped, is governed by the forbidden gap of about 2.3 eV while the activation energy for mobility of both holes and electrons is small. The oxygen ion partial contribution is found from the analysis of the pressure dependencies of the total conductivity. It is shown that movement of oxygen ions in the ferrite occurs in the ironoxygen sheets via indirect jumps involving structural vacancies in the O(3) position at temperatures below 8001C. The introduction of titanium results in a decrease of the ion conductivity, which can be explained by a partial filling of the structural vacancies and blocking of the indirect jumps. An increase in temperature is shown to cause disordering of the structural vacancies which in turn increases the ion conductivity to about 0.06 S/cm in Sr 3 Fe 2 O 6+d at 950-10001C.
